Abstract It is shown that the Diósi-Penrose criterion of gravity-induced quantum collapse may be inconsistent with the discreteness of space-time, which is generally considered as an indispensable element in a complete theory of quantum gravity. Moreover, the analysis also suggests that the discreteness of space-time may result in rapider collapse of the superposition of energy eigenstates than required by the Diósi-Penrose criterion.
where is Planck constant divided by 2π , and E G is the gravitational self-energy of the difference between the mass distributions belonging to the two states in the superposition
where 1 and 2 are the Newtonian gravitational potentials of the two states, and G is Newton's gravitational constant. Although the Diósi-Penrose criterion denoted by (1) seems consistent with existing experiments and macroscopic experience, we will show that at least for some situations it may contradict the requirement of the discreteness of space and time, which is generally considered as an indispensable element in a complete theory of quantum gravity. This can be seen from the following analysis of a typical example. Consider a quantum superposition of two different energy eigenstates. Each eigenstate has a well-defined static mass distribution in the same spatial region with radius R. For example, they are rigid balls of radius R with different uniform mass density. The initial state is
where ϕ 1 (x) and ϕ 2 (x) are two energy eigenstates with energy eigenvalues E 1 and E 2 respectively. According to the Diósi-Penrose criterion, we have
where E = E 2 − E 1 is the energy difference, c is the speed of light. This means that after the collapse time τ c the superposition will be greatly destroyed, but long before this time the superposition should be very precise. Then according to the linear Schrödinger evolution, we have:
and
This indicates that the probability density ρ(x, t) will oscillate with a period T = h/ E in each position of space before the collapse time τ c . Since the radius R is much larger than the Planck length L P = ( G/c 3 ) 1/2 in practical situations, even when the energy difference E reaches the Planck energy E P = ( c 5 /G) 1/2 , the oscillation will always happen, as the collapse time of the superposition
is still much greater than the period of oscillation T = h/E P ≈ L P /c ≡ T P , where T P is the Planck time. Then when the energy difference E exceeds the Planck energy E P such as E > 2πE P , the probability density ρ(x, t) will oscillate with a period shorter than the Planck time T P . However, the Planck time T P is generally assumed as the minimum distinguishable size of time in discrete space-time (see, e.g. [11] [12] [13] [14] ), and no physical change can happen during a time interval shorter than it. Thus we reach a contradiction between the Diósi-Penrose criterion of quantum collapse and the requirement of discrete space-time. 1 It has been widely argued that the proper combination of quantum theory and general relativity, two firm results of which are the formula of black hole entropy and the generalized uncertainty principle [12, 13] , may inevitably result in the discreteness of space and time. Moreover, the arguments show that the minimum time interval and the minimum length are respectively of the order of Planck time and Planck length in discrete space and time. For example, the minimum length can be derived from the following generalized uncertainty principle [12, 13] :
Since a full description of quantum gravity in terms of discrete space-time is not yet available, and the formulations and meanings of discrete space-time are different in the existing theories (e.g. string theory, loop quantum gravity, and quantum geometry, etc.), here we only resort to a minimum explanation of the discreteness of time, namely that a time interval shorter than the shortest time is physically meaningless, and it cannot be measured in principle either. As a result, any physical process can only happen during a time interval not shorter than the minimum time interval. In order to avoid the contradiction with the discreteness of space and time, the quantum collapse should happen more early than the Diósi-Penrose criterion requires for the above superposition. Concretely speaking, when the energy difference E reaches the Planck energy E P , the superposition should collapse into one of its branches during a Planck time scale T P , so that the probability density ρ(x, t) will not oscillate with a period shorter than this minimum time scale. Therefore, the discreteness of space and time will result in a rapider quantum collapse for the above superposition than required by the Diósi-Penrose criterion. It may be worth noting that this restriction of discrete space and time seemingly favors the energy-driven collapse models (e.g. [15] [16] [17] [18] [19] [20] ), according to which the collapse time formula is
Indeed, this formula requires that when the energy difference E is about the Planck energy E P , the collapse time is about the Planck time T P . However, as rightly pointed out by Pearle [21] , the energy-driven collapse models cannot consistently account for the existing experiments, as well as the definiteness of macroscopic objects. In fact, the energy difference in the above specific example is also equivalent to some kind of difference of space-times, and a model of quantum collapse in discrete space-time, in which the difference of spacetimes in a superposition drives collapse, can be consistent with the existing experiments and macroscopic experiences [22] . As we think, Penrose's trenchant argument for the gravity-induced quantum collapse, which is based on the deep and profound incompatibility between the principle of superposition of quantum mechanics and the principle of general covariance of general relativity, is still valid, only his collapse criterion may be not right. This is not surprising, since, as Penrose had already stressed, although there does exist an essential ill-definedness of the notion of time-translation (or uncertainty in the time-translation Killing vector) for a quantum superposition of different space-times, the uncertainty formula (2) proposed by him is provisional. First, the uncertainty in the time-translation Killing vector for the superposed space-times is a "velocity uncertainty", while the uncertainty denoted by (2) is an "acceleration uncertainty", and their precise relationship is model-dependent. Next, (2) does not consider the uncertainty in the identification of the actual time coordinate for the superposed space-times, which may be very important in full general relativity. In some sense, the above requirement of the discreteness of time may relate to this uncertainty [22] . Moreover, the direct "position uncertainty" may be also relevant, although it does not appear in the uncertainty in the time-translation Killing vector. Thirdly, the collapse time formula denoted by (1) seemingly has no firm physical basis when carefully examined. The argument resorting to the application of Heisenberg's uncertainty principle to unstable particles or states only has a very limited force, as these two situations are obviously different in nature; one is within standard quantum mechanics, while the other is already beyond it. In particular, contrary to the gravity-induced quantum collapse, the decay of an unstable state (e.g. excited state of atom) is actually not spontaneous but caused by the background field constantly interacting with it. In some extreme situations, the state may not decay at all when being in a very special background field with bandgap [23] . Lastly, we note that the Diósi-Penrose criterion is not right in the strictly Newtonian regime [24] , 2 and its microscopic formulation is unclear and still has some problems (e.g. the cut-off difficulty) [6, 9] .
To sum up, the physical origin of quantum collapse is still a great puzzle in the existing quantum theory. Penrose's observation that the incompatibility between quantum mechanics and general relativity may result in quantum collapse is a promising beginning to solve this puzzle. Yet his argument still needs to be further refined and developed. In particular, the precise formulation of the difference of space-times in a quantum superposition [22, 24, 25] , which results in the gravity-induced quantum collapse, still needs to be studied. Our analysis suggests that the formulation may relate to the discreteness of space-time. Moreover, the analysis also implies that the discreteness of space-time may result in a rapider collapse of the superposition of energy eigenstates than required by the Diósi-Penrose criterion.
